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Abstract 
Engine manufacturers and consumers around the world are concerned for the fuel efficiency and ecological 
footprint of their engines, and this concern has motivated increased production and usage of alternative fuels. Biodiesel 
is renewable and behaves similarly to diesel in an engine. Further, the emission of carbon dioxide from burning 
biodiesel in engines is offset by the consumption of carbon dioxide by the plant producing biodiesel feed stock. 
Biodiesel does, however, have an undesirable higher viscosity, larger and heavier molecules which lead to slower 
atomisation and less mixing with air, resulting lower combustion efficiency. To mitigate these problems, this paper 
proposes a guide vane swirl and tumble device (GVSTD) to be installed within the intake port for the purpose of 
increasing the turbulence of the air flow into the cylinder and to aid the atomisation and mixing of the biodiesel 
molecules with air. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the 6th BSME International Conference on Thermal Engineering 
(ICTE 2014). 
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1. Introduction 
Biodiesel is produced by a process called trans-esterification from source materials such as animal fats and/or 
vegetable oils [1-4]. This process produces a biodiesel made of methyl esters of high molecular size. Because biodiesel 
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can be sourced from renewable crops, and has similar behaviour to petrodiesel, it can be used in existing CI engines 
with no modification, as demonstrated by Diesel in 1900 [1, 3, 5]. Though the use of some biodiesel blends does 
increase carbon dioxide emissions, they are offset by the carbon dioxide consumed by photosynthesis within the crop 
while it is growing [4, 6, 7]. Testing by various researchers has shown that the viscosity of biodiesel is much higher 
than that of petrodiesel [3, 4, 8]. This property of biodiesel is due in part to its large molecular size and weight. This 
higher viscosity, in conjunction with lower calorific value of the fuel, leads to a reduction in many performance 
parameters of engines fuelled by biodiesels, including less torque, less power, and greater fuel consumption [1, 3, 4, 
8-11]. Many means of improving biodiesel’s viscosity have been previously attempted, including blending biodiesel 
with petrodiesel [8], heating the biodiesel before injecting into the engine [10], and combinations of both methods 
[11]. These improvements have met with mixed results. 
 
Increasing swirl and tumble in the in-cylinder air flow is one method of increasing the rate of evaporation and 
mixing of fuel into air. Swirl is defined as rotational flow about the vertical axis of the cylinder [12-14], and tumble 
is defined as rotational flow about an axis perpendicular to the vertical axis of the cylinder [15]. Cross tumble is 
defined as rotational flow about an axis perpendicular to both the swirl and tumble axes [15]. Swirl, tumble, and cross 
tumble can be incorporated into the in-cylinder air flow by installing vanes or shrouds in the air flow prior to the inlet 
valve. This article proposes a guide vane swirl and tumble device (GVSTD) to be installed in the intake runner of a 
compression ignition (CI) engine. It is intended to force the incoming air to conform to a swirling and tumbling pattern 
as it flows into the cylinder. This swirling pattern is expected to combine with the swirl generated by the piston bowl 
[12]. Improved swirl and tumble within the air flow at the fuel injection area between the start of injection (SOI) and 
start of combustion (SOC) is expected to aid the mixing of biodiesel and air, and the increased air velocity in the 
injection area is expected to impart velocity to the molecules of biodiesel. This swirling vortex of air will result in 
better air and fuel mixing and higher combustion efficiency [16]. This article will present the results of simulations of 
the air and biodiesel flows within cylinders for engines with and without the GVSTD, in order to assess the 
effectiveness of the device. The vanes of the device will be curved longitudinally. Thermal and fluid flow analyses 
using computational fluid dynamics (CFD) simulations are used to predict and optimize the behaviour of the products 
before being manufactured and this reduces the need for costly prototypes resulting saving time and costs [17-20]. 
However, the major shortcoming of simulations is to take into account all the parameters that might affect the results. 
Therefore, in this study the results of the simulations will be compared to other research in this field, in order to 
validate and assess the GVSTD. 
2. Simulation setup  
The effects of curved vanes on swirl, tumble, and turbulent kinetic energy in the air flow needed to be tested 
against the already established effects of flat vanes demonstrated by Saad [5]. Further, it is required that the curved 
vanes show an improvement over having no vanes at all, and that the effects found within the simulations can be 
validated by referencing against known data. Therefore, it was decided that three configurations should be simulated: 
an engine with no vanes running on diesel, a simulation with no vanes running on biodiesel, and a simulation with 
curved vanes running on biodiesel. 
Table 1. (a) Specification of GVSTD; (b) Specification of engine model 
(a) (b) 
Parameters  Value  
Number of vanes 4 
Length of vane (L) 30 mm 
Width of vane 0.5 mm 
Height of vane 5 mm 
Vane twist angle (ߠ) 40ι clockwise 
Angle of incidence (ߚ) 90ι 
Radius of curvature (r) 20 mm 
Parameter Value  
Bore 104 mm 
Stroke 108 mm 
Compression ratio 17.9 
Type of piston head bowl in-cylinder 
Engine speed 1500 rpm 
Induction system Naturally aspirated 
Start of fuel injection 14° CA before TDC 
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Large vane surface area is indicated by the literature to produce greater swirl within the air flow [21-24]. The 
corollary is that larger vanes will create higher resistance to air flow [24, 25]. Increasing vane size will generate much 
momentum in the air flow, but simultaneously reduce volumetric efficiency. Analysis of many vane shapes and their 
relation to this trade-off has led to investigating the effect of axially curved vanes on air flow and fuel injection. 
Axially curved vanes are hypothesised to restrict air flow in a radial direction, and instead forcing it to remain 
constrained to the profile of the vane. In this study, there will be four vanes, equally spaced around the circumference 
of the air inlet runner. The design has been illustrated in Table 1a and Figure 1a. 
 
(a) (b) 
  
Figure 1. (a) Schematic diagram of guide vanes; (b) The drawing of the simulation model 
The geometry of the simulation was based upon that of the HINO W04D diesel engine, rotating at 1500 revolutions 
per minute. The specifications of this engine may be seen in Table 1b. The intake valve, exhaust valve, and the fluid 
domain were modelled using Solidworks 2012. The empty space surrounding the fluid domain and valves is taken by 
the simulation to represent the aluminium engine block. The layout of the simulated engine geometry can be seen in 
Figure 1b. Injection timing was set to start at 706 degrees, and finish at 719 degrees, upon the recommendation of 
Heywood [12]. For the fuels involved in the simulation, properties were obtained from different sources. The properties 
of petro-diesel were sourced from the default ANSYS materials properties for diesel. The properties of biodiesel were 
modeled upon the biodiesel analysed by Benjumea [3].  The temperature of the injected fuel was set to 80o C. The key 
difference between the fuels is viscosity, which will determine how the fuel departs from the ideal cone shaped 
injection pattern. The viscosity of the diesel was 0.0024 kg/m-s while the viscosity of the biodiesel was 0.00407 kg/m-
s, giving a viscosity ratio of 1.69.  
 
The equations used to find the solution include the continuity equation, energy and momentum equation, and the 
Navier Stokes equations [26]. The k-ε turbulence model was used to calculate the turbulent kinetic energy and its 
dissipation [27]. Iterative equations were considered complete at 100 iterations or a convergence factor of 1x10-4. 
Boundary conditions of the simulation were set to emulate real world conditions as closely as practicable. The air 
pressure and temperature inside the cylinder were set to one atmosphere and 300 K, respectively. The air inlet 
temperature was set to 300 K also, and the inlet and outlet air pressures were set to 1 atm. The number of time steps 
per crank angle in the simulation had to be set such that the convergence of the solution at each step was ensured, 
while not requiring excessive calculation time. Four time steps per crank angle was selected to satisfy these criteria. 
The number of iterations per time step was decided upon using similar criteria, and a value of 100 was chosen. 
3. Results and discussion 
In order to study the characteristics of the in-cylinder air flow, the results of in-cylinder pressure and temperature, 
swirl, tumble, cross tumble, turbulence kinetic energy (TKE) and penetration length are presented. The observation 
of these parameters started from 10o crank angle (CA) before SOI until 10o CA after top dead centre (TDC).  
 
3.1 In-cylinder pressure and temperature 
 
In-cylinder pressure plays key role for improving the combustion efficiency, as higher in-cylinder pressure assists 
evaporation and mixing of the fuel with air by increasing the volumetric efficiency. Figure 2a shows the curve of 
maximum in-cylinder pressure for diesel with no vanes, biodiesel with no vanes, and biodiesel with curved vanes from 
483 S. Bari et al. /  Procedia Engineering  105 ( 2015 )  480 – 487 
10o CA before SOI to 10o CA after TDC, a time period encompassing the full fuel injection period. From the graph 
the curved vanes produce more in-cylinder pressure than the other models. The maximum in-cylinder pressure is about 
1.004% higher with the GVSTD than without it. It is believed that an increase of pressure will result in higher 
volumetric efficiency of the engine. Research [28-30] investigated the effects of increased pressure, and found that it 
leads to improved atomisation and dispersion of the fuel molecules within the air. Further, the method of improving 
the in-cylinder pressure by modifying the geometry of an engine, as this paper does, was demonstrated by Miles [31] 
who had high in-cylinder pressure resulting from helical throttling in the intake port. Therefore, it may be said that 
having a guide vane in the intake runner of a CI engine should improve the mixing process. 
 
(a) (b) 
  
Figure 2. (a) Maximum in-cylinder pressure curve for the three models; (b) Maximum in-cylinder temperature curve for the three models 
The same argument applies for in-cylinder temperature, as when the in-cylinder pressure increases, the in-cylinder 
temperature will increase as well. The increased temperature also leads to a higher rate of fuel vaporization [12, 32]. 
Higher temperature air was found in the model with the GVSTD installed, as seen in Figure 2b. In fact the curved 
vane resulted in a higher in-cylinder peak temperature of 1061 K than both biodiesel and diesel with no vanes which 
reached a peak temperature of 1055 K. 
 
3.2 Swirl, tumble and cross tumble 
 
 
Figure 3. Swirl ratio versus crank angle for all models 
 
Figure 3 shows the value of swirl ratio versus crank angle for the three models. The swirl ratio is defined as the 
ratio of rotational air flow about the swirl axis relative to the flow about the other axes. Higher in-cylinder swirl ratios 
can result better mixing of fuel with air and improve the engine performance [33-36]. Because the swirl ratio is 
determined solely by air flow characteristics, the difference between the two vane-less simulations should be minimal 
prior to SOI, and this is evidenced in Figure 3. However, installing vanes inside air intake runner showed a reduction 
of swirl values compared with CI engine with no vanes. Modifying the geometry of the intake system to increase swirl 
may not result better rotation of air flow, particularly if the vanes are too thick. Sometimes values of swirl are similar 
or slightly better than unmodified CI engine as reported by Ramadan [37] who investigated shrouding intake valves. 
1.8
2.8
3.8
4.8
695 700 705 710 715 720 725 730
In
-c
yl
in
de
r p
re
ss
ur
e,
 M
Pa
Crank Angle, degrees
Diesel no vane
Biodiesel no vane
Curved vane
860
910
960
1010
1060
695 700 705 710 715 720 725 730
Te
m
pe
rt
ur
e,
 K
Crank Angle, degrees
Diesel no vane
Biodiesel no vane
Curved vane
6
7
8
9
10
695 700 705 710 715 720 725 730
Sw
irl
 R
at
io
Crank Angle, degrees
Diesel no vane
Biodiesel no vane
Curved vane
484   S. Bari et al. /  Procedia Engineering  105 ( 2015 )  480 – 487 
Ramadan tested six cases and his last case showed similar pattern of swirl at the beginning of the crank angle, followed 
by a slight increase in swirl, compared to the original CI engine design [42]. Moreover, swirl ratio changes are always 
concurrent with changes in tumble and cross tumble ratios, which are defined below. 
 
The tumble ratio is defined as the ratio of rotational air flow about the tumble axis relative to the flow about the 
other axes, while the cross tumble ratio is defined as the ratio of rotational air flow about the cross tumble axis relative 
to the other axes. The effect of tumble or cross tumble are similar to the effect of swirl, in that a higher ratio of tumble 
and/or cross tumble would create more turbulence and assist mixing of fuel with air. Whether a swirl, tumble or cross 
tumble ratio is positive or negative is arbitrary, the important value is the magnitude of the ratio. Figures 4a and 4b 
present tumble and cross tumble ratios respectively for each of the models tested. Though the tumble and cross tumble 
ratio values for the model with vanes are initially less than the engines without vanes, the ratios quickly overtake the 
engine without vanes. This implies a stronger lateral flow of air within the cylinder. This lateral flow will assist in 
spreading the injected fuel throughout the cylinder, as explained below.  
 
(a) (b) 
  
Figure 4. (a) Tumble ratio versus crank angle for all models; (b) Cross tumble ratio versus crank angle for all models 
3.3 TKE 
 
TKE is the mean kinetic energy per unit mass that is associated with eddies in turbulent flow [38]. Higher in-
cylinder TKE can aid the atomisation of the fuel flow. Atomisation expands the area of air-fuel mixture with less 
penetration length of injected fuel and wide cone angle [1]. Higher TKE would lead to smoother and more efficient 
combustion, and reduced carbon deposits on engine components [12, 39]. Figure 5a illustrates TKE for all models. 
In-cylinder TKE during fuel injection declines almost linearly in each simulation. Research by Payri et al [40] and 
Saad et al [34] show similar patterns of TKE in their investigations of in-cylinder flow. Therefore the results that were 
obtained are in appropriate agreement. The impact of GVSTD on TKE during fuel injection was slightly less than the 
models with no vanes. This is to be expected, as not all vane designs are guaranteed to improve TKE, and some designs 
will be detrimental. Saad et al [34] tested TKE values in 10 vane designs and compared the results with an unobstructed 
intake runner, and four out of the 10 test showed a reduction of TKE. So, it is believed if more curved vane designs 
are tested, eventually some designs will result in better TKE than a design with no vanes. 
 
 
(a) (b) 
  
Figure 5. (a) In-cylinder TKE; (b) Penetration length for the three models during injection time  
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3.4 Penetration length and cone angle 
 
As mentioned in the introduction, an optimum penetration length and wide cone angle can make a large surface 
area between fuel and air which will give a good evaporation and mixing of the fuel into the air. Figure 5b shows the 
injection penetration length for diesel and biodiesel with no vanes and curved vane simulation fuelled with biodiesel. 
There is a slight difference between the penetration lengths of the biodiesel and the diesel injections for the simulations 
without vanes, and this is attributed to the difference between fuel viscosities. The difference between the simulations 
with vanes and without vanes is attributed to the difference in air flow characteristics. As illustrated in Figure 5b, 
adding the GVSTD reduces the penetration length of the fuel initially, but the injection length then increases rapidly 
before TDC. This implies a longer fuel injection cone, and therefore a larger surface area for the fuel to mix with the 
air. The rate of length increase for the model with vanes shows that the addition of vanes allows for a much more 
rapid penetration, even if it is initially sluggish. The initially slow injection of fuel for the engine with vanes means 
that in the early periods of injection the fuel is mixing with air in the higher parts of the cylinder, while the lower parts 
of the cylinder are not touched by the fuel until slightly later. This slower acceleration of the fuel from the injector 
should therefore allow for more even mixing through the cylinder. It is a concern, however, that the increased 
penetration length may lead to unwanted carbon deposits on the piston bowl. 
 
Figure 6. The injection spray and velocity of the three models at four different crank angles 
Figure 6 shows the injection spray of the three models at four different crank angles. Fuel injection starts at 706o 
CA and ends at 719 o CA. As the initial fuel spray is minute, it was decided to start from 712.5o CA. The figure includes 
the velocity of injected fuel particles. Looking at Figure 6, fuel spray is pushed to the left; this is a result of the positive 
cross tumble values for each simulation, which will push the air in an anti-clockwise direction. The diesel has wider 
cone angle and good penetration length. However, the biodiesel with no vane has slightly less penetration length and 
less wide angle than diesel. Unfortunately, installing guide vane resulted in reduction of the spray cone angle compared 
with models with no vanes. Therefore, this resulted in biodiesel fuel to have a small surface area of the fuel and air 
which may lead to less mixing, diffusion and evaporation. It is believed that the occurrence of small surface of fuel 
injection is related to the low value of TKE [34, 41]. Kim et al [41] investigated in-cylinder TKE by using swirl control 
valves and reported that in-cylinder TKE increases will reduce fuel penetration length and the impingement of the fuel 
against piston head. To confirm their results, they used flame visualization and analyses of images. Based on that, the 
lower value of TKE that curved vane exerted and the result would be high penetration length. Moreover, as explained 
previously, investigation of geometry modification of CI engines done by Saad et al [34] and Payri et al [40], some of 
their results recorded low TKE. Therefore, it is believed that simulating other models of curved vanes would result in 
better TKE which would lead to reduction of fuel penetration length. 
(m/s) 
at 712.5o at 714.5o at 716.5o at 718.5o 
a) Diesel with no vane    
b) Biodiesel with no vane 
   
c) Curved vane 
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4. Conclusion 
This project presented research on the effects of air flow swirl and tumble, and fuel viscosity on the behaviour of 
injected fuels in a CI engine. With biodiesel, in-cylinder pressure and temperature were higher with the curved vane 
model than without vanes and this resulted in broadly different mixing of fuel with air. The tumble and cross tumble 
were higher with curved vanes than without vanes. This indeed assisted in spreading the injected fuel throughout the 
cylinder. The TKE for curved vane model was lower than the models with no vane, although TKE was highly 
dependent on the shape of the vanes tested. Adding the GVSTD reduces the penetration length of the fuel initially, 
but the injection length then increased rapidly before TDC. This suggests that including the GVSTD will increase fuel 
dispersion in the cylinder. However, increased injection length may lead to unwanted carbon deposits on the piston 
bowl. Further, the cone angle was narrower and not wider when the GVSTD was installed. 
  
The GVSTD shows promise as a way of altering the air-fuel mixing of CI engines powered by renewable, carbon 
neutral fuel, with no additional energy input required. The effects that can be achieved have been investigated 
preliminarily in this research, but further research is required to refine and optimize the effects of installing guide 
vanes in the air inlet. The further research should include the determination of how modification of individual 
geometric properties, such as vane length, radius of curvature, thickness, et cetera, will affect the in-cylinder air flow. 
The effects of each geometric change should also be tested for both diesel and biodiesel. Altering the length of the 
vane is expected to impart a greater change of momentum on the air flow, so it shall be considered as the next avenue 
of investigation. 
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